Creatine transporter (CT) deficiency is an X-linked disorder caused by mutations in the SLC6A8 gene. We describe a clinical, biochemical and molecular examination of a child with X-linked cerebral creatine deficiency. Increased urinary creatine/creatinine ratio, abnormal brain proton magnetic resonance spectroscopy and reduced creatine transport confirmed the clinical diagnosis. SLC6A8 analysis revealed a novel mutation that was hemizygous in the child and not detected in his mother. CT deficiency should be considered in children, especially males, with mental retardation.
The diagnosis of brain creatine deficiency is based on clinical presentation, an increased urinary creatine/creatinine (Cr/Crn) ratio, and abnormal brain Cr content assessed by brain magnetic resonance spectroscopy (MRS). 8 Nevertheless, brain MRS is not always feasible, and diagnosis is commonly based on clinical presentation and/or the presence of biochemical markers, such as an increased urinary Cr/Crn ratio and differential diagnosis for CT deficiency from other CCDS. The diagnosis is confirmed by measuring long-term Cr accumulation in fibroblasts or via DNA testing. 7 Here we describe a case of a boy who initially exhibited motor dysfunction and hypotonia and who presented with a new splicing mutation in the SLC6A8 gene.
The patient was a 12-year-old Caucasian male born at term after an uneventful pregnancy, with an Apgar score of 9-10 and normal weight, length, and head circumference at birth. The parents were both unrelated and healthy. The patient was referred to the neuropediatric unit for evaluation and early intervention for mild hypotonia and motor delay at 15 months of age. He walked independently and uttered the first words at the age of 3 years.
Simple focal seizures with secondary generalization were present from 2 to 6 years of age, and most seizures were of short duration, febrile, and non-febrile and well controlled with antiepileptic drugs. At 6 years old, the patient was submitted to a comprehensive neuropsychological evaluation to assess cognitive, speech, and social and personal ability. The Battelle Developmental Inventory total developmental quotient score was 60, with discrepancy between nonverbal and verbal skills; he exhibited qualitative communication difficulties on the Autism Diagnostic Interview-Revised. Video electroencephalography recording revealed multifocal spike and polispike waves at right frontal, temporal, and posterior regions. As then, changes in the frequency and complexity of seizures, abnormal visual sensation (colored lights), and abdominal pain and nausea have been observed. Currently, he exhibits moderately delayed motor development and learning, slight hyperactivity, and much better behavior. Seizures occur every 3-4 months.
Biochemical screening was performed with blood and urine samples. The Cr/Crn ratio was determined in two urine samples taken on different days. Cr uptake was assayed in fibroblasts after incubation for 24 h in medium containing physiological and supraphysiological Cr concentrations (25 and 500 μM, respectively) according to a previously reported procedure. 9 An abnormal Cr/Crn ratio was observed in the two urine samples (2.66 and 4.56: reference value o 1.5). Cr uptake in fibroblasts was nearly undetectable in culture when incubated at a physiological Cr concentration. Cr uptake after incubation with supraphysiological levels of Cr was o25% compared with control cells, indicating impaired Cr uptake in fibroblasts.
Brain magnetic resonance imaging (MRI) and proton MRS ( 1 H-MRS) were performed to confirm the diagnosis. MRI showed hyperintense T2/FLAIR signals at the periventricular bifrontal white matter and semioval centers, and 1 H-MRS revealed a marked reduction of Cr peak.
Molecular analysis of blood samples from the proband and his parents were obtained after obtaining informed consent. Genomic DNA and RNA were obtained from peripheral blood using QIAamp DNA Mini Kit and QIAamp RNA Blood Mini Kit, respectively (QIAGEN GmgH, Hilden, Germany). Karyotype, CGH array 60 K (Agilent Technologies, California, USA) and a molecular study of SCN1A and FMR1 genes were performed as part of clinical care, and all were normal. Multiplex ligation-dependent probe amplification (MLPA) (SALSA MLPA kit P049-B2, MRC-Holland, Amsterdam, Netherlands) PCR and reverse transcription-PCR, including direct gene sequencing of all exons and the flanking intronic sequences of the SLC6A8 gene, were conducted. Regarding the molecular analysis, MLPA showed an aberrant pattern. DNA and cDNA sequence analysis of the SLC6A8 gene revealed a 34-base pair (bp) deletion (c.1016+11_1017-52del, intron 6) at the DNA level that produced a 30-bp deletion in exon 7 (r.1017_1046del) in cDNA (Figure 1) . The variant was considered pathogenic by splicesite analysis with the NetGene2 Server (http://www.cbs.dtu.dk/ services/NetGene2/) and Human Splicing Finder (http://www.umd. be/HSF/). The variant was not found in 100 control samples. The mutation was not detected in the mother, and therefore, it was considered de novo. However, somatic mosaicism cannot be excluded; family counseling and prenatal diagnosis during further pregnancies should be offered. This splicing mutation variant has not been previously described, and splicing mutations in SLC6A8 are less common, as reported by van de Kamp et al. deficiency can have different clinical presentations, even within the same family, with developmental delays/mental retardation being present in all patients. This disease is suspected to be due to reduced brain creatine content, as detected by MRS. The increased Cr/Crn ratio in urine further verifies the diagnosis.
Treatment of patients with CT deficiency remains ineffective. In addition, cyclocreatine treatment in brain-specific SCL6A8 knockout mice, an animal model of human CT deficiency, showed promising results. 10 The identification of new cases of CT deficiency is important, and the inclusion of Cr/Crn urine analysis in screening patients with these neurological symptoms should be considered. 11 Rosenberg et al. 12 recommended that once increased Cr/Crn is detected, the diagnosis of CT deficiency should be confirmed by functional studies and/or DNA testing.
In conclusion, we report a case of a moderate form of CT deficiency caused by a novel SLC6A8 mutation. Information about genotype-phenotype correlations is important for understanding genetic disorders such as CT deficiency. 
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